Introduction
Weaning is one of the most critical periods for piglets. After separation from sow, piglet suffers an increased stress which is not only accompanied by a low feed intake. It also leads to an unbalance between the oxygen reactive substances production and the organism antioxidant defence which results in a cellular damage (Debier, 2007) . Consequently, the incidence of diseases is high due to lowered immune response (Bonnette et al., 1990) and results in high economical losses for the pig industry.
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However, the information on the combine effect of the dietary supplementation of vitamin E and C in piglets at weaning is lacking. Most of the studies in which the effects of both vitamins were examined aimed to improve meat quality parameters and lipid stability in growing pigs or during the fattening phase (Eichenberger et al., 2004; Gebert et al., 2006; Peeters et al., 2006) . In a recent study conducted on piglets to prevent stress effects, it was found that the usage of both vitamins with Eleutherococcus senticosus extract may be useful to improve performance parameters (Bekenev et al., 2015) . However, this study only tested one dose combination, hence additional investigations on these nutrient combination deserve more attention.
It was hypothesised that in piglets, dietary combination of vitamins E and C may preserve the antioxidant status decreasing post-weaning stress effects. The aim of the present research was to examine the effect of different dietary doses of vitamins E, C and its combination on serum and tissues tocopherol concentration, oxidative stress and immunoglobulin content at different times after weaning in piglets.
Material and methods
All experimental procedures were performed in accordance with the Spanish guidelines for the care and use of animals in research (BOE, 2013) .
Animals and experimental diets
In total, 144 (72 male and 72 female) 7-day-old piglets (PIC Camborough × Pietrain; Pigchamp Pro Europa S.L., Segovia, Spain) weighting approximately 2-3 kg were used in the study. Piglets stayed with their mothers until weaning (28 days; 7.99 ± 0.12 kg body weight (BW)) and afterwards were randomly allocated to 24 experimental pens (6 piglets in each; 3 males and 3 females) and fed according to six different dietary treatments (Table 1) ). Each treatment was replicated 4 times to obtain 24 piglets per treatment.
The experimental diets were formulated by Pigchamp Pro Europa S.L (Segovia, Spain) for two feeding periods: pre-starter -days 28-41 and starterdays 42-68. Diets, manufactured in a commercial feed mill (Nuri i Espadaler, S.L., Vic, Barcelona, Spain.) under the direct supervision of qualified personnel of Pigchamp Pro Europa S.L. DSM (Segovia, Spain), were calculated to be isonutritive, and to meet or exceed NRC (2012) nutrient requirements for piglets (Table 1) .
Samples collection
Blood samples were collected from jugular vein on different days: immediately after weaning at day 28 (2 piglets per pen), at the final of the prestarter period (day 42, 2 piglets per pen, 8 piglets per treatment) and at the end of the starter period (day 68, 2 piglets per pen, 8 piglets per treatment). After collection all blood samples were immediately placed on ice. The serum was then centrifuged at 600 g for 10 min at 4 °C and the supernatant was kept in a freezer at -80 °C until further analysis. Analyses were carried out within the next 2 months.
At the end of each experimental period (at 28, 42 and 68 day of age), 2 piglets per pen were euthanized in the farm. Samples of liver, longissimus dorsi muscle and subcutaneous fat were vacuum packed and stored at −20 °C until analysis.
Chemical analysis
The α-tocopherol concentration in serum was quantified as described by Rey et al. (2006) by direct extraction. Thus, serum samples were mixed with 0.054 M dibasic sodium phosphate buffer adjusted to pH 7.0 with HCl and absolute ethanol. After mixing, tocopherol was extracted with hexane by centrifugation. The upper layer was evaporated to dryness and dissolved in ethanol prior to analysis. Tocopherols were analysed by reverse phase highperformance liquid chromatography (HPLC) (HP 1100, equipped with a diode array detector; Agilent Technologies, Waldbronn, Germany) as described by Rey et al. (2006) . Identification and quantification were carried out by means of a standard curve set (R 2 = 0.999) using the pure compound (SigmaAldrich, St. Louis, MO, USA). All samples were analysed in duplicate.
The procedure described by Rey et al. (2006) was used to analyse α-tocopherols in subcutaneous fat and feeds. Samples were saponified in presence of pyrogalol (3% in ethanol), KCl (1.15%) and KOH (50%) and afterwards mixed with hexane. To extract α-tocopherol from longissimus dorsi muscle and liver, the direct extraction procedure and HPLC analysis was the same as described above for serum samples.
The ferric reducing antioxidant power (FRAP) was measured using the procedure described by Benzie and Strain (1999) . The FRAP reagent was prepared fresh by mixing 10 vol of acetate buffer (300 mM) with 1 vol of 10 mmol TPZ solution (2,4,6-tripyridyls-triazine in 40 mM HCl) and 1 vol of 20 mM aqueous ferric chloride. A 100-μl aliquot of the sample extract was mixed with 3 ml of the working FRAP solution. The absorbance of the samples was recorded after 0 and 4 min at 593 nm. Results were expressed as μM.
Reduced and oxidized glutathione (GSH and GSSH, respectively) were quantified spectrophotometrically at 405 nm in deproteinized serum samples at weaning and after 5 and 20 days post-weaning using diagnostic colourimetric kit (Arbor Assays, Arbor, MI, USA). The concentration of GSSH was determined from 2-vinylpyridine-treated samples with 2-vinylpyridine-treated standard curve. Free glutathione (free GSH) concentrations were obtained by subtracting the GSSH levels obtained from the 2-vinylpyridine-treated standard from non-treated standards and samples (total GSH). The obtained concentrations were expressed as mM of glutathione.
The susceptibility of muscle and liver tissue homogenates to iron-induced lipid oxidation was determined by a modification of Kronbrust and Mavis (1980) method, in which 1 mM FeSO 4 was used as the catalyst of lipid oxidation (approximately 1 mg · ml −1 buffer). Tissue homogenates were incubated at 37 °C in 40 mM Tris-malate buffer (pH 7.4) with 1 mM FeSO 4 in a total volume of 10 ml. At fixed time intervals, 1 ml aliquots were removed for measurement of thiobarbituric acid-reactive substances (TBARS). Absorbance was measured at 532 nm and the values were expressed as nM malondialdehyde (MDA) · g −1 . 4 to reach 200 mg vit. C · kg −1 diet, 0.60 kg · t −1 of pure vit. C (33 %) was added to control diet; 5 to reach 500 mg vit. C · kg −1 diet, 1.5 kg · t −1 of pure vit. C (33 %) was added to control diet Immunoglobulins (Ig) A, G, and M were determined in piglet serum using a pig ELISA quantification kit (Bethyl Laboratories Inc., Montgomery, TX, USA). Briefly, for IgM determination, purified antibody (porcine IgM) was diluted in coating buffer (0.05 M carbonate-bicarbonate at pH 9.6) and incubated at room temperature for 60 min in a 96-well plate. The plate was then washed 5 times with washing solution (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0) to remove the non-coated antibody. Blocking solution (50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8.0) was added to each well and the plate was incubated at room temperature for 30 min. The blocking solution was removed and the plate was washed again. Sample was then added and the plate incubated for 1 h, after which the diluted HRPconjugated pig detection antibody was added. Finally, tetramethylbenzidine (TMB) substrate solution was added and incubated for 15 min. After incubation with the substrate, the reaction was quenched and the absorbance measured at 450 nm. Similar protocols were used for the IgA and IgG quantifications. A standard curve was prepared for each ELISA batch, and the final values were expressed in mg · ml 
Statistical analysis
The experimental unit for analysis of all data was the pen. Data were analysed following a completely randomized design using the general linear model (GLM) procedure included in SAS (version 8; SAS Inst. Inc., Cary, NC, USA). Dietary vitamin E and C supplementations were considered fixed effects according to the following model:
Y ec = μ + α e + β c + (αβ) ec where: Y ec -dietary treatment or age response dependent variable, μ -overall mean, α e -dietary vitamin E supplementation effect, β c -dietary vitamin C effect, (αβ) ec -corresponding interaction.
Data are presented as the mean of each group and root-mean-square error (RMSE) together with the significance levels (P-value). Differences between means were considered statistically significant at P < 0.05.
Results and discussion
Piglet performance. Dietary vitamin E or C did not affect average daily gain (ADG) or transformation index (TI) from day 28 to 68 ( Table 2 ). The results of previous studies conducted on piglets and vitamin C did not reveal statistically significant differences in performance parameters (Mahan and Saif, 1983; Zhao et al., 2002) . Also no effects of dietary vitamin E on performance were found by Bonnette et al. (1990) using four different doses of this vitamin (10, 110, 220 and 550 mg · kg
−1
). The combination of both vitamins at different doses in the present study from day 28 to 68 did not modify the piglet growth. This result is in contrast to the results of the study of Bekenev et al. (2015) in which a combination of 80 mg of 25% tocopherol, 500 mg vitamin C and 3 ml Eleutherococcus senticosus extract in piglets (at 22-26 and 31-36 days of age until they reached 12-15 weeks) increased average daily gain and live weight at the end of the experiment.
Also, in piglets supplemented with high dose of vitamin E lower average daily feed intake (ADI) from day 42 to 68 of age (P = 0.0272) was estimated, whereas other performance parameters were not affected (Table 2) . Peeters et al. (2006) also found that pigs supplemented with vitamin E (150 mg · kg −1 ) ate less than control or vitamin C-supplemented pigs. However, these results cannot be conclusive since the experiment was replicated only four times.
Tocopherol concentration in tissues. The α-tocopherol concentration in serum (Table 3) in the group supplemented with dietary α-tocopheryl acetate was similar to the values reported by Moreira and Mahan (2002) who examined similar feed inclusion levels. The highest drop in α-tocopherol concentration was detected immediately after weaning (days 28-42) due to the increased stress and low feed intake -issues widely reported in the literature (e.g., Moreira and Mahan, 2002; Lauridsen and Jensen, 2005; Amazan et al., 2012) . According to the present results, supplementation of 250 mg allrac-α-tocopheryl acetate · kg −1 to piglet diet resulted in higher α-tocopherol serum concentration at 42 and 68 day of age (P = 0.0001) when compared to low-vitamin E-supplemented groups. Accumulation of α-tocopherol was higher in fat than in liver, followed by muscle (Buckley et al., 1995) . Concentration of α-tocopherol in tissues was also affected by dietary α-tocopheryl acetate supplementation from days 42 to 68. However, α-tocopherol concentration in fat and muscle were not statistically affected by supplementation of high dose of dietary vitamin E to piglets at day 42 when compared to those receiving a low-dose supplementation. The highest amount of α-tocopherol was estimated in fat (Buckley et al., 1995) . Also there was a lack of losses due to post-weaning stress which could be explained by the high previous concentration of α-tocopherol at day of weaning and the low mobilization of vitamin E from this tissue. Lauridsen and Jensen (2005) studied the transfer of α-tocopherol from sows supplemented with different dietary doses of α-tocopheryl acetate to piglets and found a decrease in the tocopherol concentration in plasma, heart, liver and muscle from day 35 to 42, whereas an increase was observed in adipose tissue of piglets from sows supplemented with 250 mg α-tocopheryl acetate · kg −1 . In the present research, liver was the tissue in which α-tocopherol accumulation was more affected by supplementation of high dose of dietary vitamin E to piglets from day 28 to 42 (P = 0.0001), similarly as observed in serum. Hence, changes in liver tocopherol concentration were more marked due to dietary supplementation, and high dose of dietary vitamin E to piglets decrease the rate of post-weaning losses. This result indicate a different metabolic activity of tissues as observed by Lauridsen and Jensen (2005) , with the liver as the most metabolically active tissue in which mobilization of α-tocopherol was faster than in the others to maintain serum α-tocopherol homeostasis. Interestingly, similar concentration of α-tocopherol in serum, liver and muscle was found in post-weaned piglets (at different age) supplemented with dietary vitamin C to those supplemented with dietary vitamin E in the feed. However, α-tocopherol concentration in fat tended to be statistically affected (P = 0.060) at day 68 of age by the interaction effect of dietary vitamin E and vitamin C. Hence, α-tocopherol concentration in fat of piglets supplemented with a combination of high doses of vitamin E and vitamin C was numerically greater than those from piglets that were not supplemented with vitamin C or those that received basal levels of vitamin E. These results would indicate that dietary vitamin C probably enhances the tocopherol levels as observed by other authors in vivo (Lauridsen and Jensen, 2005) by its regeneration. However, according to the present study this effect was not observed in those tissues which suffer a higher mobilization such as liver or serum.
Oxidative status in piglet serum, muscle and liver. The total antioxidant capacity measured as FRAP was quantified in serum (Table 4) to evaluate oxidative stress in piglets supplemented postweaning with dietary vitamin E or C. FRAP values were within the limits presented in the literature (Lauridsen and Jensen, 2005) . Dietary vitamin C increased FRAP values at 42 day of age (P = 0.05), whereas it did not affect the serum antioxidant capacity at day 68. According to Mahan and Saif (1983) , vitamin C supplementation may have a temporary effect upon weaning, since a trend to beneficial effects in two trials during the initial 2-week period was found. However, vitamin E supplementation to piglets only increased the antioxidant status at 68 day of age when compared to pigs fed basal levels of vitamin E (P = 0.033). Benzie and Strain (1999) reported that vitamin C contributes 15% to FRAP values, whereas vitamin E only 5%. In the present study, differences in serum α-tocopherol at 42 day of age were 50% in high-dose vitamin E-supplemented groups in comparison to groups supplemented with the basal dose of vitamin E in the diet; at 68 day of age were 65%. These results would indicate that due to the initial high concentration of serum vitamin E at weaning, FRAP values were not modified by the low contribution of vitamin E to its values. However, a long-term post-weaning vitamin E supplementation would maintain an optimum serum vitamin E concentration and antioxidant power. Hence, FRAP values increased from day 42 to 68 by the dietary vitamin E supplementation, being higher in those serum samples from piglets that received high vitamin E dose.
Some investigators have previously reported the effectiveness of dietary vitamin C (Benzie and Strain, 1999; Hamilton et al., 2000; Perai et al., 2014) or vitamin E (Benzie and Strain, 1999; Hamilton et al., 2000; Amazan et al., 2012 ) supplementation on controlling FRAP values. However, the studies on combination of both vitamins are lacking. In the present study, an interaction effect of both vitamins on the FRAP values was not observed, in accordance with the lack of interaction effect between vitamin E and vitamin C on serum α-tocopherol. These results are in disagreement with those reported by Hamilton et al. (2000) where total antioxidant properties of serum from adult humans were improved by ascorbic acid following α-tocopherol supplementation and vice versa. However, that study was not carried out in stressful conditions. In contrast, Zeferino et al. (2016) in the study on chickens found that diet supplementation with vitamins C and E as antioxidants did not mitigate any of the negative effects occurring under heat stress.
The GSH concentration was also quantified to evaluate the antioxidant properties of piglet serum (Table 4) . Free GSH and GSSH concentrations in plasma have been considered to be an useful indicator of disease risk (Jones et al., 2000) since GSH is converted into GSSH during oxidative stress. In the present study, dietary vitamin C and/or E supplementation to piglets did not affect the GSH, GSSH and free GSH concentrations or the GSSH:GSH ratio at day 42 or 68 of age. Other authors (e.g., Rey et al., 2013) did not find any effect of dietary vitamin E supplementation on antioxidant enzymes such as GSH in stressful situations. However, Amazan et al. (2012) reported that vitamin E decreased glutathione in its reduced form. To our knowledge, there is not much information in the literature concerning the possible effects of dietary vitamin C or both vitamins on different forms of glutathione concentrations.
In order to evaluate the oxidation in other tissues, the MDA concentration was quantified in muscle at 42 and 68 day of age (Table 5 ). The MDA concentrations were numerically higher at day 42 when compared to day 68 which would indicate the most stressful situation close to the first postweaning weeks. Dietary vitamin E supplementation improved the muscle oxidative status and lowered iron-induced oxidation in those muscles of highdose vitamin E supplemented piglets (P > 0.05). The effect of dietary vitamin E was more effective at day 68, with differences in the vitamin E concentrations in muscle from low-supplemented and highsupplemented piglets. Some authors (e.g., Buckley et al., 1995) reported the efficacy of α-tocopherol in reducing the lipid oxidation of muscle by its inclusion in cell membrane, however, most of the studies on pigs were carried out during the fattening phase, close to slaughter age. Moreover, in the present study, neither dietary vitamin C nor the combination of vitamin C and vitamin E affected the lipid stability of muscle. Gebert et al. (2006) also found a lack of response of the dietary supplementation with vitamin C and E mixture on TBARS in growing pigs from 25-105 kg. In other study in which dietary vitamin E and/or C were combined (Eichenberger et al., 2004) , dietary vitamin C resulted in higher TBARS whereas the combination of these vitamins reduced the TBARS production in longissimus dorsi muscle. In contrast, Lo Fiego et al. (2004) found that in rabbits 500 ppm of dietary vitamin C increased lipid stability of longissimus dorsi when the dietary vitamin E data presented as mean and root-mean-square error (RMSE); *α -tocopherol concentration was determined at 28 days from two piglets per pen dose was 40 ppm. However, Castellini et al. (2001) reported that high levels of both vitamins could prevent oxidative stress during meat storage. According to the results of the present study, dietary vitamin C supplementation during the first post-weaning stage may preserve the antioxidant capacity of tissues, whereas α-tocopherol concentration is sufficient in tissues at weaning. Its high-dose supplementation exert a long-term effect during the last post-weaning phase.
Piglet immune response. IgM, IgA and IgG levels in piglet serum at day 42 or 68 were not affected by high-dose vitamin E-supplemented diet when compared to low-dose supplemented diet (Table 6) . Likewise, Bonnette et al. (1990) using four dietary levels of vitamin E (from 11 IU · kg −1 to 550 IU · kg −1 feed) found no effects of supplementation on the humoral and cell-mediated immunity in 4-week weaned piglets. Amazan et al. (2012) also reported that IgM, IgA and IgG levels in piglet serum were not affected by natural vitamin E supplementation in drinking water. In contrast, Fragou et al. (2004) found that dietary vitamin E provided to piglets improved immune status.
In the present study, dietary vitamin C increased the IgA concentration (P = 0.023) in piglets at day 68. Moreover, IgM tended to be higher at day 42 (P = 0.067) and 68 (P = 0.077) in piglets supplemented with dietary vitamin C when compared to unsupplemented animals, even though differences were not statistically significant. However, IgG was not modified by the vitamin C-enriched diets. Lauridsen and Jensen (2005) also found an increase in serum IgM in piglets supplemented with 500 mg vitamin C per kg diet. Similarly, Prinz et al. (1980) in guinea pigs reported the positive effect of dietary vitamin C on IgM levels in serum.
The interaction effect of dietary vitamin C and E on IgA levels at day 68 is also interesting. Hence, IgA was higher in groups supplemented with vitamin C and low doses of vitamin E to the diet, IgA was lower in groups supplemented with vitamin C and a highdose vitamin E-supplemented diet (P = 0.036). A similar trend was observed in IgA levels at day 42 by the interaction effect (P = 0.085). As reported before, differences in the α-tocopherol serum concentrations between groups supplemented with low or high doses of dietary vitamin E were higher at day 68 than at day 42. These results would indicate that combination of dietary vitamin C to obtain beneficial effects on immunity depends on the presence of other antioxidants in serum such as vitamin E concentrations. According to Van Vleet (1980) , the borderline deficiency of α-tocopherol concentration is considered to be lower than 1 mg · l −1 plasma. At day 68, serum α-tocopherol was close to the borderline level in low-dose vitamin E-supplemented groups. Consequently, dietary vitamin C supplementation improved the immune status of piglets in those groups fed diet supplemented with 40 mg vitamin E · kg 
Conclusions
Long-term high-dose vitamin E supplementation of piglets decreases losses of α-tocopherol levels in serum and tissues, and improves the oxidative status of tissues during post-weaning phase. Dietary vitamin C supplementation has a potent antioxidant properties during the immediate post-weaning stress and it is also recommended to be used in combination with vitamin E in diet to improve the oxidative status of piglet especially if serum α-tocopherol is below the needed values.
